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ABSTRACT

Four types of canopies were tested in a 12-foot vertical wind tunnel i%-

at a velocity of approximately 100 feet per second to determine the static

stability and drag characteristics of multiple canopies in various clustered

arrangements under captive and equilibrium test conditions. Solid Flat Cir-

cular, Extended Skirt, Ringslot, and Circular Flat Ribbon were the types of 79
canopy tested. Canopies of each type were tested individually and in clusters L'"

ranging from two to seven canopies per cluster. A special two-component

balance was fabricated to measure the pitching moment and tangential force

over an angle-of-attack range of i25 degrees. The effects.of riser length,

angle-of-attack, reefing ratio, and the number of canopies in a cluster on

the tangential force and static stability are discussed. Also, the characteristics
peculiar to the solid type of canopies (Solid Flat Circular and Extended Skirt) L
and to the ribbon type of canopies (Ringslot and Circular Flat Ribbon) are noted.
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approval of the report's findings or conclusions. It is published only for the
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SECTION 1

INTRODUCTION

Past research on parachute clustering has been quite limited and
has dealt primarily with the performance of clustered solid cloth type of
parachute canopies for terminal descent deceleration of air dropped loads.

The objective of this study was to gather additional information on
parachute clustering, especially data related to the effects of number and
t•-pe of parachute canopies in a cluster, reefing ratios, and riser lengths
upon the static stability and drag coefficient of the configuration in subsonic
flow. To obtain comparative data, all tests were conducted under controiled
conditions in the Aeronautical Systems Division (ASD) Vertical Wind Tunnel.

Four different types of parachute canopies were employed in this
study: Solid Flat, Extended Skirt, Ringslot, and Ribbon. Parachute can- •...
opies of these types with various riser lengths, reefing ratios, cluster con- I,.
figurations, and at different angles of attack were tested. The riser length
varied from 0 Do to 1.5 Do and the reefing ratio, Dr/Do, ranged from 0.,2
to 0. 5. These reefing ratios were employed in all canopy configurations;
in addition, nonreefed canopies in single and clustered configurations were
tested. The configurations were tested at various angles of attack, ranging
from -25 to +25 degrees, unless the canopy skirt began to collapse.

The majority of the test points were obtained during captive tests
where the tangential force and pitching moment of the cluster configurations
were measured by means of a two-component balance and recorded. These
forces were subsequently reduced to coefficient form.

Equilibrium tests (free floating) which also were performed during
the experimental testing program permitted the comparison of the data ob-
tained during these tests with the data acquired during the captive tests.

This study also involved the development of a measuring system
capable of sensing and recording accurately the forces acting tangentially
to parachute canopies and the pitching moments of the canopies.

[, __.

SECTION Z

PROCEDURE

2. 1 General

During the captive test series, the model parachute canopies

were attached to a two-component balance in the ASD Vertical Wind
"Tunnel and positioned at various angles of attack, a , defined as the r'.

re.
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angle between a chosen geometrical center plane of the canopy cluster
and the plane parallel to the direction of air flow through the moment
center, as depicted in Figure 1. The model canopies were fixed
on the two-component balance so that the projected confluence point .

of the canopy suspension lines or of the risers would always be at
the moment center. Canopy separation was purposely maintained
by a mechanical positioner located at the top of the sting. Figure 2
shows the mechanical positioner maintaining fixed canopy separation
of a cluster of five Extended Skirt type of parachute canopies reefed to
Dr/Do = 0. 3. The parameters measured during each test were the angle

of attack, the pitching moment, and the force acting tangentially to the
chosen geometric center plane of the clustered configuration.

'CvT'

SUSPENSION
LINE LENGTH

.%'

RISER0
LENGTH

MOMENT
CENTER

• ix " 
,.',

Figure 1. Graphic Presentation of Sign Convention Employed r

in This Parachute Cluster Study

•2 Angles of attack were varied from -/_5 to +25 degrees unless .•4.4..

N1 the canopy skirt began to collapse before these limits. All tests were
performed at a constant air velocity of approximately 100 feet per

second.
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Figure Z.-,+0

View Showing Mechanical
Arrangement Maintaining

Fixed Canopy Separation
of a Cluster of Five Ex-
tended Skirt Type of Canopies

*1_

Ik."

The number of canopies in the clustered configurations ranged
from one to seven. These configurations had four different riser
lengths and three reefing ratios, in addition to the nonreefed canopies.

Riser lengths were zero, 0.M5 Do, 1 D, 1.5 Do and reefing ratios,

Dr/Do, were 0.2, 0.S3, and 0,5.

Figure 3 shows a cluster of
five Extended Skirt type of canopies

reefed at Dr/Do = 0.5 at an angle of teid
attack of 10 degrees and a riser

length of 1. 5 Do.

Figure 3.

Typical View of Five Extended

Skirt Type of Canopies in a

Cluster: Reefing Ratio(Dr/Do)-
0 5andRiser Length 1. 5 DO 1'

0S
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Furthermore, to supplement the data obtained during captive

tests, a series of equilibrium tests were conducted. These tests

were conducted primarily for canopy configurations which exhibited

no, or marginal, inflation during the captive tests; marginal inflations

occurring were with canopy configurations having small reefing ratios.

Figure 4 shows a reefed canopy cluster in a typical equilibrium test
*• configuration.

Figure 4., Scene Showing Configuration with Adjustable Suspended
Weight for Equilibrium Tests 0

2.2 Sign Convention

The sign convention utilized during this study is shown graph-

ically in Figure 1. This sign convention is a departure from the pre-
viously used convention in that a stable system can be defined as ex-
hibiting a negative dCM/d a • Therefore, a stable configuration about

zero angle of attack would have a negative pitching moment at posi-
tive angles of attack and the opposite at negative angles of attack.

2.3 Model Parachute Canopies

Four types of model parachutes-Flat Circular, Extended
Skirt, Ribbon, and Ringslot-were employed in this experimental

test program. The Aeronautical Systems Division and Technology
Incorporated designed the model canopies specifically for this experi-

mental test program. The canopies were of standard design and based
upon data contained in the USAF Parachute Handbook., Fabrication of I.•

the model parachutes was accomplished by Irving Airchute, California, A
under a subcontract. Each canopy had a nominal surface area, So,
of approximately 452 square inches. This surface area enabled clusters

of up to seven canopies to be tested to an angle of attack from -25 tor25 degrees in the ASD 12-foot Vertical Wind Turnel. All canopy vent

4
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areas were held to approximately one percent of the canopy nominal
surface area., Figure 5 shows three orthogonal views of a model para-
chute cluster arrangement during captive tests.

r?. ý'7

Direction of Airflow '\,

,-.s :• .

Perpendicular to Strut •K

Parallel to Strut

Figure 5. Orthogonal Views of Model Two-Cluster Parachute Arrangement ':.:

50 - U-
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Cloth permeability or geometric porosity values and the fin-

ished nominal surface and vent areas for each canopy tested are pre-
dented in Table 1. These data were measured or computed directly

from the model parachute canopies. All canopies were constructed

with 24 gores and 24-inch suspension line lengths. Each canopy boreV

a number to identify it during the program, Figure 6 illustrates a

parachute cluster attached to the two-component balance.

Tabl e I

Model Parachute Description _

[Chute Detbtgi Averag, Geometric* Mieasured Vent 1
No CohPermeability Porosity % Canopy Area

c.Ft
3
i Ft

2 
-Min) Surface Area Sq In

@ 1/2 in 1120 (S 0 ) Sq In

2 Ringslot -16 407 44%

4 - 5 39 4 9 i
5 16 404 5 2

:6 .17 4'34 4 9

7 -17 393 5 4
48 1 8 393 4 9

q Ribbon -14 413 4 4

I'10 1 17 415 4 4

1i 17 415 8

12 -20 402 4 4

113 - 16 411 4 4
14 xtended Skirt 116 -46 49

1I5 110 - 479 4 0

it115 - 45e. 4 7

'I 7 11 8 -46,5 4 4

ii8 313 - 470 4 7 ..

:19 Solid Flat 132 -452 4 4

Z0 Bet - 471 4 9

:21 131 - 43 4 9

112 142 - 4 ", 4 9

123 144 -452 4 9 ~-
124 114 - 4b2 49

ExeddSkir 122 - _ _ 42 4 9

Vcn V IA;,. Not Included Aý Open Ata-a

D-~

Figure 6. ''

Two-Component Balance Seen
at the base of the Parachute

Cluster Configuration
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2. 4 Description of the ASD Vertical Wind Tunnel

The Aeronautical Systems Division 12-foot Vertical Wind
Tunnel is a closed-return type of tunnel. The open air jet is directly
upward out of a 12-foot long nozzle whose cross section is a 16-sided
polygon with a 12-foot inscribed diameter circle. The air flows
through the test chamber with a velocity ranging from 15 to 135 feet
per second, or from 10 to 90 miles per hour, and with a dynamic

pressure of approximately 22 pounds per square foot at the maxi-
N mum test velocity. Presented in Figure 7 is a drawing of the wind

tunnel, indicating the direction of air flow.

L'N

L•-%

Figure 7. Sectional Drawing of the ASD Vertical Wind Tunnel . -
] ~Indicating the Air Flow Direction :''

~7• 4';

N -N, -

• .4• ... :,,., • . • k. ,,, ,. ., , •, . . . . . . . . (.. . ,. . . .:.. ... ; • '
.- -. ,',."". ;':-;•'" ' •_t,•• . . • : .. , "" -. ". "" ''""•"""""""". - - - . . -"*' -"""".



A four-bladed variable-pitch fan, located near the top of the

tunnel and driven by a 1000-hp variable-speed D. C. motor with a
maximum controllable speed of 800 rpm, is employed to power the

wind tunnel. The D.C. power is furnished by a motor generator set
located in the utility room adjacent to the tunnel. The speed is con-

trolled manually by the wind tunnel operator from either of two con-
trol consoles, one of which is located in the observation room and
the other in the test chamber. The control console in the observa-
tion room features an inclined manometer on which the dynamic pres-
sure can be read directly.

2.5 Instrumentation

The instrumentation utilized during the test program consisted
of a specially designed two-component strain gage type of balance and

associated recording and auxiliary equipment. Appendix II discusses
the instrumentation system employed.

"Testing Procedure, Captive Tests

The canopies, in either single or clustered configurations,
were positioned very carefully in order that the projected confluence

point of the canopy suspension lines, or risers in the case of clusters,
would he exactly at the neutral axis of the force sensing element.
The canopies were positioned in a cluster so that a 1/2-inch spacing
was maintained between adjacent canopies in the inflated state. This
was accomplished by means of a mechanical positioner located at

zhe top of the balance sting. When the positioning was corapleted, the
instruments were set at zero and the pretest calibrations were per-
formed. During all tests, the vertical air velocity was held at a con-
stant dynamic pressure equivalent to 2. 33 inches of water. The angle
of attack was varied from 0 to 1-25 degrees and from 0 to -25 degrees
unless the procedure was ended by canopy collapse. Test points were

taken at two-degree increments in the -10 to +10 degree range and 5-
degree increments were used in the -10 to -25 and +10 to -25 degree

ranges. Since the angle of attack was introduced remotely, the air
velocity was held constant during each different angle 3f attack setting.

The planes which passed through the chosen geometric center
of each of the canopy cluster configurations tested and about which
the angle of attack was varied are shown in Figure 8. The directional

lines indicate the positive and negative angle-of-attack travel during

each test sequence. It may be noted that the canopy arrangements

utilized were in all cases symmetrical with respect to the geometric

center of the configuration. IA

Data were recorded manually befort- and during each test se-
quence. 'Ihese data consist of time, angle of attack, test number,

- 8
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dynamic pressure, dry bulb temperature, wet bulb temperature, os-
cillograph record number, transducer number and sting, canopy type
and configuration, number of canopies, and cluster orientation.

77X

Figure 8. Drawings Depicting Arrangements of Canopy Clusters with
Respect to Strut and Travel Direction

After the tunnel velocity had stabilized for a testing sequence,
each parachute or cluster configuration was photographed by one 70-ram
still and two 35-mm cameras; and the strain-gage output signals from
the force-sensing elements were recorded on a C. E. C. oscillograph.
All operations were performed simultaneously.

To obtain maximum sensitivity in measuring the tangential
force and pitching moment of the various cluster configurations, four
easily interchangeable, force-sensing elements of different maximum
capacity were employed.

The need for a test point or sequence rerun was determined
when a plot of either tangential or moment coefficient versus angle
of attack did not follow the general trend of the test data. Also, re-
runs were made when the system had obviously malfunctioned.

2. 7 Testing Procedure, Equilibrium Tfests

To obtain data for comparison with the captive test results
and to determine the drag coefficient for configurations which did

Q
A
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not inflate properly on the sting balance, equilibrium tests were con-
ducted by using the following testing arrangement: a known weight
was suspended from the canopy configurations and the wind tunnel
cir velocity was adjusted until the configuration floated freely.

During these equilibrium tests the weight suspended from the con-
figurations was adjusted by varying the amount of a lead shot filling
contained in the cylinder so that all the equilibrium tests could be
conducted at approximately the same dynamic pressure and air velo-
city as those prevailing during the captive tests.

The main advantage of the equilibrium tests is that these tests
can simulate actual parachute operation more accurately than the
captive tests since all restraints are removed in conducting the former
type of tests. In the equilibrium test arrangement, the parachute can-
opies are free to assume their actual positions in the cluster and are
not disturbed by the sting or the mechanical positioning unit. Although
the drag coefficients obtained from the two types of tests exhibited no
discernible differences in most cases, those derived from the equili-
brium tests were considered more accurate because of the reasons
mentioned above. However, those areas in the wind tunnel with severe
local dynamic pressure variations had to be avoided assiduously.

2. 8 Pressure Survey Before and After the Two-Component Balance In-

stallation

A pressure survey was conducted before and after the in-
stallation of the two-component balance in the wind tunnel, utilizing
a pressure rake, consisting of 25 pitot-static pressure tubes spaced
6 inches on center. Pressure rake measurements were taken at
every six inches across the wind tunnel nozzle and at the levels 3 2
feet, 5 feet, 7 feet, and 9 feet above the moment center.

The 25 static pressures and 25 total pressures were measured

by a well type of manometer board and recorded on photographic film.

Supplementary data were manually recorded during each pressure-
survey condition. These data consisted of the dry bulb temperature,

wet bulb temperature, barometric pressure, and any other informa- '
tion pertinent to the survey. ;A

Figures 9 and 10 present the dynamic pressure survey of the

Vertical Wind Tunnel before and after installation of the two-compon- -.
ent balance. As is evident, there are severe variations in dynamic •''
pressure across the cross-section of the tunnel. To counteract this

variation and reduce the resultant scatter in the data attributable to
it, dynamic pressure corrections were applied during the computa-
tion of the final data. This was accomplished by obtaining the aver-

age dynamic pressure over the projccted parachute cluster area at

4 ~10
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its location in the tunnel. In this manner, the dynamic pressure was
calculated for each different cluster configuration and angle of attack.

This averaged dynamic pressure was then used in the calculations

for CTo and CMo.

2.9 Aerodynamic Tare Determination

The aerodynamic tare was determined by permitting the bal-
ance sting and the mechanical parachute positioner without the para-~chutes to be positioned in five-degree increments through an angle of
attack from -25 to +25 degrees while the wind tunnel was at test ye-

locity. This positioning resulted in the induction of both the tangential
and the moment forces into the force-sensing element. At each five-
degree increment, the induced forces were recorded on the oscillo-
graph. These tare runs were performed for the two stings utilized
and for all riser lengths and cluster configurations employed during
the experimental testing program. All tare corrections were incor-
porated into the data reduction by adding the induced forces algebrai-
"cally to the test data.

2. 10 Data Reduction

The information acquired during the wind tunnel test program
comprises two types of data: (1) the test data recorded automatically
by the two 35-mm cameras, the 70-mm camera, and the C. E. C.
oscillograph, and (2) the wind tunnel operation data recorded manu-
ally.

The wind tunnel operation data was utilized to correlate the
camera and the oscillograph data and to determine the dynamic pres-
sure; these data also include observations made during each test
sequence.

The 3 5-mm cameras provided side views of the cluster confi-
gurations during tests. From these photographs angle-of-attack values
for each test point were obtained. A Recordak film reader was used
to extract the data from the photographs.

A pretest calibration, conducted before each test sequence to
"condition the force-sensing transducer, produced data for calibrating
curves. The tangential and moment forces were derived from these
curves. The oscillograph recorded the strain-gage output signals
"and pretest calibration data.
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Reduction of the data to coefficient form involved the following: I
First, the raw test data for each test condition were acquired by read-
ing the galvanometer deflections on the oscillograms and the angle-
of-attack values on the 35-mm photographs,. Next, the corrected tan- .
gential and moment coefficients were computed by utilizing the following
expressions:

FT
To q Sn L-

i=l

and M /M

nq So E Doi !
i=l X iZl

where n =number of canopies. ,?

For the equilibrium tests the drag coefficient was computed
from the relationship: •

w( (3)

nOo
whee =nube of cano ies

Plots of coefficients versus angle of attack, prepared manually,
are presented in Section 3.

SECTION 3

3.1 General RESULTS

As indicated previously, two types of tests, captive and equili-
brium, were performed during the winci tunnel test program. Approx-
imately 130 different parachute configurations utilizing the sting and
two-component balance were tested in a captive state to determine the
aerodynamic coefficients, CTo and CMo, at various angles of attack.
When it was found that the canopies with a reefing ratio of 0. 2 would
not inflate properly while attached to the sting, a series of equili-

brium tests were conducted to determine the drag coefficients for
this reefing ratio and to verify the results obtained from the previous
tests at other reefing ratios. Approximately 200 di'ferent equilibrium 0
tests were performed.

The test results in the form of tangential force coefficient,
CTo, and moment coefficient, CMo, versus angle of attack, a
of each configuration are presented in Figures 12 through 89. Every
test point has been plotted. When the points did not follow a pattern

delineating an obvious trend, either no curve was traced or an esti-
mated curve formed by dashes was drawn. The vertical lines in
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dash form at the extremities of the CTo curve indicate the angle of
attack at which individual canopies in a cluster started to exhibit the
"tendency to collapse. Figure 11 shows the canopies in cluster just
before collapse.

gas

Figure 11.

View of Five Extended
Skirt Canopies Illustra-
ting Onset of Collapse

- -, -

Figures 90 to 109 present the results of the equilibrium tests
in the form of drag coefficient, CDo, versus reefing ratio. All test
points are shown; however, no curves were plotted. •; •;

3.2 Order of Results Presentation

Tables II through V synopsize the parachute cluster configu-
rations for both types of testing. An "X" in these tables indicates
that the configuration was tested in a captive state over an angle- •
of-attack range, and an "0" indicates that the configuration was sub-
jected to equilibrium tests. As noted, both equilibrium and captive
tests on certain configurations were made for comparison purposes.
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Table II Table III C

Summary of Captive and Summary of Captive and
Equilibrium Tests on Flat Equilibrium Tests on Extended
Circular Type of Canopies Skirt Type of Canopies

No. of Cduoptet. Reehrg Riser No. of Canops Reefing Riser
1 2 3 4 3 5 6 7 Ratio - Dr/1)o Legth - lr/D, 1 2 Ra3 4- 5 6 7 Ratio - Dr/Do Length.- 1r/Do

X1.5 X1.5
X X X Full Open 1.0 x X Full Open 1.0

X x X (No Reefinig) 0.5 X X X (No Reefing) o.S
X o X 1 0,%•xx_ ___ __ 0 . .. .x-_____ 0~ L

1 051.6 X -. .
x x x 0.5 1.0 x x 0.5 1.0

xo x X o. 0.5 0 Xo X X 0.5 0.5
______ 05 X ___ 0.

0 X X 0.3 1 5 X 0.3 1.5

X 0 X X 0.3 1.0 X X 0.3 1.0
0 X X 0 X 0.3 0.5 0 XO X0 X 0.3 .5
XO 0 0 0 0.3 0 X 0.3 0

0 0 0.2 1.5 o.2 1.5
00 2 0.5 0 0 0.2 0.5

0 0021. 0 0 0 0 0.2 1.000 o 0 0 o2 0..5 0 0 0.2 O.S •I• ''

XO 0 0 0 0.2 0 XO0 0 0 0.2 0

X Captive 'lest X Captive Test
0 Equilibrium Test 0 Equilibrium Test

:•i•" ~Table IV Table V ';•":2"*''•

Summary of Captive and Summary of Captive and,

Equilibrium Tests on Ribbon Equilibrium Tests on Ringslot

Type of Canopies Type of Canopies
No. of Canopies Reefing Riser No. of Cano.pes Reeing Riser.

1 2 3 4 5 6 7 Ratio - Dr/Do Length - lr/ 1 2 3 4-T- 5 76 7• Ratio - DrlDo Length - lr/Do

X Full Open 1.5 X Full Open 1.5
X X(NoRefing 0 (No Reefing) 0.5

XX X0.5 X X 0.5

X0 0 5 1.5 0 0 0.5 L.S
0 X OO XO 0.5 1.0 0 XO 0.5 1.0
XO XOO 0 0 5 0.5 0 0 XO 0 5 0.5

XO 0 0 0 0 0.5 0 X 0 0 0.5 0
0 0.3 1 5 0 0 0 0 0.3 1.5

0 0 0 0 0.3 1.0 0 x00 0 0.3 1.0
0 0 0 0 0.3 5 0 XO 0 0 0.3 0.5

XO0 0 0 0 0.3 0 XO0 0 0 0 0.3 1.5

0 0 0 0 0 2 1.0 0 0 0 0 0 0 0.2 1.0
/I0 0 0 0 0.2 0.5 0 0 0 0 0 0 0 0.2 0 5
•,: O 0 0 0 0 0 2 0 XO 0 0 10 0 O. 020 '.•

X Captive Test X Captive Test

0 Equilibrium Test 0 F.quilibraum Test

* The results of the captive tests (sting-balance tests) are pre-
sented before those of the equilibrium tests. The order of presenta-
tion for both types of testing is first, Flat Circular type of canopy con-

figurations. second, Extended Skirt type of canopy configurations; third,
Ribbon type of canopy configurations; and fourth, Ringslot type of canopy

configurations. The reefing ratios and riser lengths related to canopies
in a cluster are presented in the order of increasing number of canopies
per cluster.
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3.3 Constant Dynamic Pressure as Opposed to Constant Velocity

All captive testing was conducted at a constant dynamic pressure
of 11.00 pounds per square foot, which corresponded to a velocity of
100 t2 feet per second, depending upon ambient air conditions. As

it was impossible to test at both constant dynamic pressure and con-
stant velocity, it was decided to let velocity vary since its effect was
considered to be less than that of dynamic pressure.

During the equilibrium tests, the suspended weight was varied
so that the dynamic pressure would be approximately the same. The
variation in dynamic pressure was held to +0. 15 inch of water. To
decrease this variation would have been too time consuming since a
weight change required stopping the tunnel operation.

3.4 Parachute Cluster Orientation

As noted previously, during the captive tests the parachute
canopies were spaced in clustered configurations so that a 1/2-inch
separation between adjacent canopies was maintained when the canopies
were inflated.

During the equilibrium tests it was found that the separation
between the canopies varied from zero to about six inches, depending
upon riser length, number of parachutes, and reefing ratio. However,
the 1/2-inch separation was a compromise since the large separations

' were evidenced mainly in the cluster configurations with long riser
lengths and small reefing ratios. p

It also became evident that the assumption of symmetrical
canopy positioning for the seven canopy clusters was incorrect, for

"during the equilibrium tests one of the seven canopies always centered
itself while the others spaced themselves evenly about it.

A similar canopy positioning was observed in the performance v }
2- of the six canopy clusters. However, the configurations for five or

less canopies in a cluster, as shown in Figure 8, proved to be correct.

4 17 __
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SECTION 4

DATA DISCUSSION j

4. 1 General

For a logical consideration of the prime factors in this testing

program-types of parachute canopies, number of parachute canopies

in a cluster, riser lengths, reefing ratios, and types of testing-this
section discusses the following: data accuracy and uncontrollable

variables affecting test results, results obtained on each different

type of parachute canopy, comparison of equilibrium and captive test
results, and general trends common to all parachute canopy types

investigated.

4.2 Data Accuracy

4.2.1 Over-all Data Accuracy

ii Because of several unknown contributing factors, an over-
all data accuracy cannot be given. Yet, the instrumentation system

demonstrated a repeatability well within one percent of full scale
during the dead-weight calibration. The effect of inducing sting

the transducers were utilized as near full scale as practicable during

testing to minimize errors due to instrumentation sensitivity.

4. 2.2 Raw Data Recordings and Measurements

In general, the raw data accuracy was considered high. The

angle-of-attack values, obtained photographically, were ascertained

to be within ±0. 25 degree. On the oscillograms, the traces depicting

the tangential forces permitted accurate measurements; however, the

traces representing the moment had oscillations which reduced some-

what the measurement accuracy. Initially, an average (steady-state)

value derived from 0. 05-inch increment measurements on 18 ran-
domly selected moment traces was compared with the average obtained
from an "eyeball" technique, whose accuracy was found to be within *
three percent of full scale of *lie transducer producing the trace.

4.2.3 Dynamic Pressure pW

Although no accuracy figures of the wind tunnel system operation o

were obtained during the dynamic pressure survey, the repeatability

achieved was excellent. Dynamic pressure measurement mnaccuracie.;
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when compared to the dynanic pressure variations were considered .'.

"nconseouential.

4.2.4 Other Factors Related to Data Accuracy

Other factors which contributed somewhat to inaccuracies in
tV data are as follows: (1) interference between the sting-balance

aaid the parachute cluster, (2) wake from the airfoil and parachute
attachment ring, (3) wind tunnel blockage, and (4) superposition of
dynamic forces on steady state. Although all configurations were K
arranged symmetrically about zero-degrees angle-of-attack, as
shown in Figure 8, the resultant asymmetrical distribution of the
moment coefficient curves about this axis were caused by inaccuracies
in canopy orientation, lack of fabrication exactness among the canopy
models, variation in cloth permeability, asymmetrical canopy deforma-
tions, differential loading of suspension lines, and inaccuracies in
reefing line lengths. Yet, every effort was made to minimize these
causes of the asymmetrical data distribution. __

The tangential force coefficients obtained in the captive tests
with the configurations employing the smaller reefing ratios are low in

comparison with the values obtained in the equilibrium tests with the same
configurations. The latter values are considered more accurate since the
canopies with the smaller reefing ratios in the captive tests were signif-
icantly affected by the slight variation of the local flow conditions attrib-
uted to the mounting arrangement.

Although the several factors mentioned above caused some
scatter and error in the data, the discrepancies are not considered
sufficient to affect seriously the validity of either the test results
or the conclusions drawn from them.

4.3 Solid Canopies (Circular Flat and Extended Skirt) Li

The test results presented in Section 3 reveal certain trends
which are nearly ioGntical for the Circular Flat and Extended Skirt
solid types f canopies.. These trends and general observations for

4 both types are discussed in this subsection.

The tangential force coefficient for both types of canopies was
not affected by the angle of attack. Any apparent effect is within a r.-

•4: small range centered at zero degrees angle of attack only. Although
4 the data of some of the configurations indicate a decrease in the tan-

gential force coefficient through this angle of attack range, the evi-
dence does not warrant a general conclusion since the decrease was

63

S............



%

probably due to testing restraints, which is discussed in greater de-
tail in Subsection 4. 5. As expected, since wake effects were not
included in the investigation, the riser length did not significantly
affect the tangential force coefficient or the drag coefficient of the

clustered canopies.

The data indicate, as shown in Figures 110 and 111, a decrease
in drag coefficient with an increasing number of unreefed canopies in

a cluster. However, this effect does not appear in the reefed canopy
data. In fact, for the canopies reefed to 0.3 and to 0. 2 nominal dia- i
meter, the data reveal an increase in drag coefficient with an increasing
number of canopies in a cluster. This demonstrates that the percentage
changes in the drag coefficient from the unreefed condition to the suc-
cessively diminishing reefing ratios do not remain the same as the

number of canopies in a cluster vary. The drag coefficients from the
equilibrium test results and the tangential force coefficients at zero

degrees angle of attack from the captive test results were averaged to
produce the data for the plotting of the curves in Figures 110 and 111.
Some test data were not used to develop these curves since unrealistic

trends would have been indicated. The unused data can be summarized
according to three test categories as follows: (1 ) equilibrium tests i,'

employing zero riser length which resulted in low drag coefficients due
to wake effects, (2) captive tests for single, reefed canopies which

displayed low tangential force coefficients due to wake effects from the A
mounting arrangement, and (3) captive tests which displayed a dip in
tangential force coefficient about zero degrees angle of attack.
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Figure 110. Graph for Flat Circular Figure 1 11. Graph for Extended Skirt .
Type of Canopy Depict- Type of Canopy Depict-

ing Effect of Reefing Ra- ing Effect of Reefing Ra- •

tio and Number of Can- tio and Number of Can-
opies in a Cluster on opies in a Cluster on
Dr ag Coeffi cie nt Drag Coefficient ,[R

Since the 15 to -5 logree angle-of-attacl, range is of primary
interest for the study of the static stability characteristics and the ':z
moment coefficient data is for practical purposes linear throu "his -
range, the data was linearized to derive CM for the determi., xon
of the static stability trends.
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The static stability of the Flat Circular and Extended Skirt
types of canopies increases as the reefing ratio, Dr /Do, decreases

until a reefing ratio of 0.3 is reached. As shown in Figures I 12 and 113,
this increase is quite pronounced. Although there is no data for reefing
ratios less than 0.3, it appears that the static stability will decrease
as the reefing ratio falls below Dr/Do = 0. 3,
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The effect of the number of canopies in a cluster upon th.. static
f-) stability of a configuration is shown in Figures 114 and 115: three ii"

canopies apparently give the most stable configuration. Although three k ¥
solid types of canopies, other variables fixed, produce the most stable,..
configuration, no configuration with more than three canopies exhibitedL•

•, ~~instability; however, some configurations with less than three canopies -,
•.•; "were unstable. -
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As expected, the static stability of a given configuration increased
as the riser length increased. But, this increase was not always linear
as might have been anticipated. Figures 116 and 117 show the effect of
riser length on the static stability and demonstrate quite forcibly that
such effects cannot be linearly extrapolated into an unknown region.
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4.4 Ribbon Canopies (Circular Flat and Ringslot) _

As the Circular Flat and Extended Skirt solid types of canopies
"were previously discussed together because of their nearly identical
trends, so also in this section the Circular Flat Ribbon and Ringslot
types of canopies are treated jointly since the latter two types similarly
have trends almost identical. .. ,

Both riser ler.gth and angle of attack did not significantly affect 2'the tangential force coefficient of the ribbon type of canopies. Yet, as .
shown in Figures 118 and 119, there is a slight decrease, or no change 1

at all, in drag coefficient as the number of canopies in the cluster in-.
creases. The more the canopies are reefed, the less pronounced the
decrease becomes; as the reefing ratio approaches 0. 2, the change
appears to be negligible. Nearly the same percentage change in drag
coefficient occurs for reefing of the canopies, regardless of the number
of canopies in the cluster.
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The static stability of the ribbon type of canopies appears to
peak at a reefing ratio of approximately 0. 5. This trend, as demon-
strated in Figures 1`20 and 121, is obvious for the Ringslot type of
canopy and possibly could be characteristic of the ribbon type of canopy.
Unfortunately, due to the poor inflation properties of the ribbon type
of canopies with the smaller reefing ratios, a significant amount of

stability data could not be collected. The instability of the ribbon type of
canopies for a one-canopy cluster with no reefing or riser exhibited in
Figures 120 and 121 is not suffircently understood to permit an adequate
explanation. Yet, the i:,stabiiily could be said to be attributed to wake
effects, porosity characteristics, model limitations, or all collectively.
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The poor inflation properties of the ribbon type of canopies
at the smaller reefing ratios also limited the information on the effects
of the number of canopies and riser length on the static stability of

these canopies. Still, the data gathered are presented in Figures 122
through 125. Probably the most that can be deduced from these figures
is that there is some, number of canopies in a given configuration which
yields maximum stability and that there is an increase in stability with
increasing riser length.
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4. 5 Over-all Comparisons 4

Comparing the solid cloth type of canopies with the ribbon type

reveals that neither the angle of attack nor the riser length affect the
tangential force coefficient. The percentage decrease in drag coeffi-
cient for reefing for the ribbon type of canopies remained approximately

the same as the number of canopies in the cluster varied while the per-

centage decrease for the solid cloth type of canopies changed as the

number of canopies varied. With unreefed canopies in a cluster, the
solid cloth type had a much larger decrease in drag coefficient with

increasing number cf canopies than the ribbon type. Also, when the
solid cloth type of canopies were reefed to 0.3 and 0.2, they had an

increase in drag coefficient with an increasing number of canopies in

the cluster; whereas the ribbon type of canopies maintained a nearly

constant drag coefficient for all variations of the number of 'canopies
in a cluster.

A comparison of the static stability of the solid cloth type of

canopies with that of the ribbon type of canopies revealed that the solid

cloth type peaked at a reefing ratio of 0. 3 while the ribbon type peaked

at a reefing ratio of about 0.5. Furthermore, both types of canopies

evidenced an increase in stability with increasing riser length.

L
That the static stability did not exhibit a linear increase with

increasing riser length for any of the canopies investigated was un-

doubtedly due to the interference among the parachates in a cluster

and to the change in the effective angle of attack of each canopy in a
cluster as the riser length changed.

No explanation has been attempted for the stability exhibited
over the entire angle-of-attack range. Some configurations evidenced
positive stability up to an angle of attack and then instability through a

particular region, as shown in Figure 20. However, 6 ecause of the

mutual interference present, the stability for a cluster of canopies
cannot be predicted from the obse.rvation of a single canopy. This

interference may account for the unstable region mentioned above.I The instability may be also explained partly by the fact that the single
canopy is in itseif unstable.

It is surmised that the dip or decrease in the tangential force
coefficient about zero degrees angle of attack for the captive tests is not
representative of the actual performance of a free-fafling canopy. This
effect, however, occurs only with those unstable configurations which

oscillate, cone, and/or glide under free-fall conditions. It, therefore,

is concluded that the tangential force coefficient was lower than the true
effective drag coefficient because the canopies were restrained.
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SECTION 5 ,-,

I*ELI

CONCLUSIONS AND RECOMMENDATIONS

5. 1 Conclusions

The following conclusions are presented:

(1) For the solid cloth type of canopies, the drag coefficient
decreased with an increasing number of unreefed canopies in a cluster,
remained nearly constant with the canopies reefed to 0. 5, and increased
with an increasing number of canopies in a cluster reefed to 0.3 or 0.2.

(2) For the ribbon type of canopies, the drag coefficient decreased To

slightly with an increasing number of canopies in a cluster, and the per-
centage decrease in drag coefficient due to reefing remained almost con- v

stant as the number of canopies in a cluster varied.

(3) Neither the riser length nor the angle of attack affected the
*: drag coefficient in any of the types of canopies investigated.

(4) The static stability for the solid cloth type of canopies peaked
when the reefing ratio was 0. 3 and also when three canopies were in a
cluster.

(5) The static stability for the ribbon type of canopies peaked L

at a reefing ratio of approximately 0.5.

(6) The static stability for all the types of canopies increased
with increasing riser length.

(7) The more stable configurations exhibited smaller tangential
force coefficients and tended to collapse at a lower angle of attack. XI

(8) Because of the interference among the canopies in a clustered
arrangement, single canopy test results cannot be utilized to predict

with certainty the aerodynamic characteristics of clustered configurations. -

5. 2 Recommendations

a The following recommendations are presented: .z

(1) Additional wind tunnel tests should be conducted to determine

cluster stability characteristics fpr other orientations.
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(2) A theoretical study should be made to attempt to explain the
stability characteristics of clustered parachutes.

(3) Tests should be conducted for seven parachutes in a cluster I

with one of these parachutes positioned in the center.

(4) Tests should be conducted with a more realistic separation
between parachutes than the arbitrary 1/2-inch separation used for this
program. "N

(5) Further tests on the ribbon type of canopies should be con-
ducted with a sting which produces less wake effects in order to obtain
a more definite description of the static stability with the reefing ratios
of 0.3 and 0.2.
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APPENDIX I

PARACHUTE INSTRUMENTATION SYSTEM

Introduction

The instrumentation system, described in this text, required the

design and construction of a two-component balance and the associated re-

cording equipment employed to measure tan'gential force, moment, and
angle of attack of parachute clusters.

Two-Component Balance

The two-component balances were designed to provide minimum "LA
aerodynamic interference over an angle of attack from -25 to +25 degrees.

Their structural rigidity, however, was such that the induced dynamic load K
caused by the oscillating parachute clusters would not screen the desired K
static load parameters.

Figure 126 depicts the ma-
jor balance assembly for parachute

positioning and load sensing. The
specially constructed H-beam is

housed in the aluminum airfoil.
This airfoil affords added stiffness PARACHUTE_

to the H-beam, which is the main PoSITIONER

support structure for the boom,

force sensing element, and angle-
of-attack mechanism. The angle
of attack was imposed on the para- L
chute clusters by a mechanically ,i
linked hydraulic system. The hy- loom

dra ilic cylinder is mounted to the
H-beam and plumbed to Lhe hydrau-

lic control console. The hand pump
located at the right of this console
supplied the pressure to the cylin-

der. Located in the hydraulic con-

trol console are the metering valves,
four-way hand operated control

valve, and angle-of-attack indicator.

STRAIN CAGE INENSING

Figure 126. ANGLE OF -ELEMENT 4
ATTACK MECHANISim_" __ W SEAM

Illustration of the Balance Assembly -

for Parachute Positioning and Load
Sensing NY ORAU LI i

CYLINDER
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Figure 127 shows the two-cornponent balance and the associated

mechanical equipment installed in the Vertical Wind Tunnel. As can be
seen, the two parachute force parameters are induced into the force-
sensing element by the sting. Eight bakelite-type strain gages were
bonded to the force sensing members and were connected into four active

arm-bridge circuits. These active arms were wired to eliminate cross- 4
talk between force measurements. Another feature of the two-component
balance was the capability of interchanging four different force-sensing
elements to cover all testing areas of a configuration with ample sensitivity.
See Figure 128.

Figure 127.

View Showing Installation of

Two-Component Balance with

Hydraulic Control Console

Seen to the Right

<<,ý

+

+ +

++

+v

STRAIN GAGE CENTER LINE

Rg R15 R A

7R2 6R R4

NORMAL MOME14T

Figure 128. Illustration of Typical Strain Gage Sensing Element
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Instrumentation

Figure 129 is a block diagram of the instrumentation system em-

ployed to record the parachute cluster parameters. Each force-measuring F

circuit employed four active arm: strain gages with a normal ±esistance of

350 ohms. The bridge-eiccitation voltage was supplied by a 12-volt D. C.

supply contained in the b "idge control unit. Since this excitation voltage

was controllable from 0- to 12-VDC, the circuit sensitivity could be in-

creased or decreased. The output signals from the strain gages were re-

corded on the C. E.C. os :illograph. To elminate undesirable frequencies,

filter networks for both the moment and tangential force were incorporated :1
into the galvanometer input circuit. These filters have a frequency cutoff

at approximately six cycles per second.

TANGENTIAL
FORCE

BRIDGE CEC
CONTROL OSCILLOGRAPH 4

UNIT P5-114
MOMENT [ __________

FORCE

35 MM RCR
CAMERA - CONTROL _---

EAST TO WEST UNIT
.__ __. .__,____ •

35 MO PUSH
CAMERA BUTTON

NORTH ro SOUTH 110 VAC 28 VDC SWITCH
•..-..a POWER •'

.... .....t SOURCE %•

CAMERA
GROUND TO (.EILIN-

Figure 129. Block Diagram of Recording Instrumentation System

Kiz

as The cameras employed for the testing of the parachute clusters are

as follows: two of the 35 mm type and one of the Air Research 70 mm type.

The field of view of the two 35-mm cameras were north to south and east to

west. The 70-mm camera, located in the throat of the wind tunnel nozzle,

had a field of view into the mouth of the wind tunnel nozzle and the test

chamber. The location of all three cameras is illustrated in Figure 130.
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_%~~ ~ ~ ~ ~ ~ 1 _.TZH =CLX W

NW I'H

.ANGLE OF ATTACK

'70 M k. CAMERA --4
AT BOTTOM OF J CONTROLCONSOL

TWIND TUNNEL

CONSOLE BRIDGE BALAC

SCCONTROL

35 SIM.

CAMERAITCALEANC

Figure 130. Plan Vie~w of Wind Tunnel Indicating Camera Locations as
Related to 7ther Equipment

Calibrations types: calibrations and (2)

secondary calibrations, he primary calibrations were performed, the

stimulus was applied to the sensor and the output was recorded under con-

trolled conditions. When the sensors were unbalanced electrically to changeU
the output level, the calibration was a secondary one. The two-component•

balance sensing elements were calibrated by applying a precision weight

through its• usable range. As the weight was being applied, its value was i

recorded by the oscillograph. Calibration runs were made in both directions

so that linearity, hysteresis, and repeatability could be determined. Typical

calibration curves are illustrated in Figures 131 and 132.

As seen in Figure 133, secondary calibration was accomplished byf'

placing a precision resistor in parallel with one leg of the bridge network.

This resistor produces an unbalanced condition to duplicate a mechanical "*i

input producing an electrical output level. This output level was the "Cal

Pulse" which was equal to the mechanical input per galvanometer deflection.

The "Cal Pulse" was a standard in the processing of the test data. ,

IND TUNNE
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26 TANGENTIAL FORCE CALIBRATION

24 TRANSDUCER NO 3 * ISO K CAL. RES1STOR
2 STING NO 3

22

,20

I is 210K CAL RESISTOR

w- 14

0 12 150 LBS/IN

.2

0 . . . . . . . . . . . . . . . . . .1

C0 40 so 120 I6O 200 260 300 340 380 420 460 480
TANGENTIA. FORCE LBS

Figure 131. Typical Tangential Force Calibration Curve for

Transducer and Sting No. 3

2.2 " MOMENT CALIBRATION

2.0 TRANSDUCER NO 2
STING NO 2 150 K CAL. RESISTOR

14

164
14 - 21 0 K C AL. RESISTO R

-" 12

.2-

MOMENT - IN-LBS

Figure 132. Typical Momeut Calibration Curve for Transducer

and Sting No. 2

R
w BRIDGE CAL 350 Ohm

EXCI TATION STRAIN GAGE

VOLTAGE BRIDGE

Figure 133.

Drawing Depicting Circuitry

for Secondary Calibration '
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In order that the "Cal Pulse" would be of a proper magnitude, a
special pre-test was prescribed. To insure proper use of the pre-test
calibration, the transducer power supply was monitored constantly during
each testing sequence. When there was fluctuation only in force-measuring
circuit sensitivity, it was detected and noted for incorporation into the
data reduction. ,

Table VI presents the calibrations for the four elements which
sensed the tangential forces and pitching moments.

Table VI

Sensing Element Calibrations for Tangential Force and Pitching Moment

Tangential Force Pitching Moment
Sensing Element Cal. Range Cal. Slope Cal. Range Cal. Slope

1 0 to 60 lb. 29.2 lb. /in. t200 in. -lb. 97. 5 in. -lb. /in.

2 0 to 150 lb. 70.5 lb. /in. -240 in. -lb. 109.5 in. -lb. /in.

3 0 to 300 lb. 150.0 lb. An. t1375 in. -lb. 478.3 in. -lb. /in. V.

5 0 to 400 lb. 187.5 lb./in. 11600 in. -lb. 785.0 in. -lb./n. /n

I-V-

7..L--.

LOg
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APPENDIX II

MODEL PARACHUTE DESCRIPTION

Parachute Descriptions

Flat Circular, 10% Extended Skirt, Ribbon, and Ringslot are the L
types of parachutes tested in this program. Presented in Figure 134 are
typical gore patterns for the Ribbon and Ringslot parachutes. Since

the Flat Circular and 10% Extended Skirt parachutes are defined uniquely

by their nominal surface area, no gore patterns are presented for these

parachutes. Table I gives a description of each individual parachute.

44'
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Measurement Technique .

Presented in Figures 135 and 136 is the technique used to obtain the

individual parachute geometric characteristics. As illustrated, a circular

board slightly larger in diameter than the parachutes was used to stretch

the parachute so that each gore of a parachute bore approximately the same - 41
amount of tension to eliminate radically different measurements for the I(Zý'T

nominal diameters in the same parachute. All quoted dimensions are

averages of measurements taken at several different locations to negate
local inaccuracies inherent in fabrication. !' •

" !p2

Figure 135. View Showing Measuring Figure 136. View Showing Measuring
Technique for Flat Pat- Technique for Extended
tern Canopies Skirt Canopies ___

As shown in Figure 136, a slightly different measuring technique was

used for the Extended Skirt than for the flat-pattern parachutes. Direct

flat-pattern measurements on the Extended Skirt parachute were made by

folding back the skirt at approximately the point of skirt extension. -m
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